Longitudinal measurements of biomarkers for metals, phthalates, environmental tobacco smoke, organochlorine and organophosphate pesticides, polychlorinated biphenyls, and volatile organic compounds were made in blood and/or urine from a stratified, random sample of more than 100 elementary school-aged children living in an inner-city section of Minneapolis. Repeated measures of 31 exposure biomarkers indicate that between-child variance (B-CV) was greater than within-child variance (W-CV) for 8 compounds, B-CV was a significant proportion of total variance for 9 compounds, and variances were homogeneous for 14 compounds. Among siblings living in the same household, positive correlations were observed for biomarker concentrations of polychlorinated biphenyls, organochlorine pesticides, metals, and volatile organic chemicals in blood, and total cotinine in urine. Biologic markers confirm that children from a low-income, ethnically diverse neighborhood experienced concurrent exposure to a variety of hazardous environmental chemicals during their everyday activities. Future monitoring studies should examine the nature and magnitude of children's cumulative exposure to both chemical and non-chemical stressors, especially in disadvantaged populations.
Introduction
There is a critical need for more and better data documenting children's exposure to multiple environmental chemicals as part of a strategy to identify high-risk populations/situations and to formulate effective and efficient risk management policies (Cohen Hubal et al., 2000; Needham and Sexton, 2000; Brent and Weitzman, 2004; Needham et al., 2005; Wigle et al., 2007) . Biologic markers of chemicals and their by-products or metabolites in children are useful measures of direct exposure integrated over all sources, pathways, and routes (Needham and Sexton, 2000; Barr et al., 2005; Needham et al., 2005) . Current laboratory methods allow for measurement of picogram per gram levels or lower for hundreds of exposure biomarkers in relatively small amounts of blood and urine (Needham and Sexton, 2000; Sexton et al., 2004a; Needham et al., 2005) . Biomarker data have been collected in children to evaluate environmental exposures to specific chemicals or chemical classes, including lead (Brody et al., 1994) , pesticides (Payne-Sturges et al., 2009) , environmental tobacco smoke (ETS; Sexton et al., 2004b) , volatile organic chemicals (VOCs; Sexton et al., 2005) , polychlorinated biphenyls (PCBs; Soechitram et al., 2004; Fukata et al., 2005) , and phthalates (Silva et al., 2004; Wolff et al., 2007) . But relatively few studies have been conducted that make longitudinal (over time) measurements of multiple biomarkers in the same children (Cohen Hubal et al., 2000; Needham and Sexton, 2000; Clayton et al., 2003; Sexton et al., 2006 Sexton et al., , 2011 .
Despite the scarcity of data, there is mounting presumptive evidence that children residing in low-income, inner-city neighborhoods are likely to experience higher-than-average concurrent exposures to a diversity of environmental chemicals (Sexton, 1997; Faber and Kreig, 2002; MorelloFrosch and Shenassa, 2006; Sexton et al., 2006 Sexton et al., , 2011 Linder et al., 2008; Sexton and Linder, 2010) . Studying children's exposure in these communities is difficult for a plethora of reasons, including mistrust of researchers, frequent address changes, and high crime rates . A major impediment to designing cost-effective measurement studies is our comparative lack of knowledge about how children's exposure to most environmental chemicals varies from child to child, even for those living in the same household, or over time for the same child (Callahan et al., 1995; Barr et al., 2005) . This article summarizes results for 31 biomarkers from a longitudinal study of children's exposure in a socioeconomically disadvantaged area of south Minneapolis. Biomarkers for ETS, phthalates, metals, organophosphate (OP) pesticides, organochlorine (OC) pesticides, PCBs, and VOCs were measured multiple times in the same children (6-11 years old) over either a 1-year (cotinine, phthalates) or a 2-year period (OP and OC pesticides, metals, PCBs, and VOCs). The following discussion focuses on a comparison of intrachild and interchild variability for each measured biomarker, and examines correlations among siblings.
Subjects and methods
The School Health Initiative: Environment, Learning, and Disease (SHIELD) study, which was approved by the University of Minnesota Institutional Review Board-Human Subjects Committee, measured biologic markers of exposure to multiple chemicals and chemical classes in elementary school-aged children .
Subjects
There were 558 children in grades 2 through 5 at the Lyndale and Whittier elementary schools in south Minneapolis during the fall of 1999. Of these, 43% were African American, 20% were recent immigrants from Somalia, 20% were Hispanic (primarily Mexican American), 7% were white, 6% were Asian, and 3% Native American. Of the children, 54% at Lyndale and 52% at Whittier lived in a household where English was the primary language. More than 75% of the children attending each school received either free or reducedcost meals through the National School Lunch/Breakfast Program. For the initial cohort of SHIELD children, 27% lived in households with annual average income o$9999/ year, 30% in households earning between $10,000 and $19,999/year, 21% in households making between $20,000 and $29,000/year, and just 3% in households with an annual income 4$50,000/year. Of the participating households, 44% had no occupant with a high school degree or equivalent, 32% had at least one occupant with a high school degree or equivalent, and 23% had at least one occupant who was either a technical certificate-holder or a college graduate. Overall, the children and families participating in SHIELD were among the most socioeconomically disadvantaged and ethnically diverse in the Minneapolis-St. Paul metropolitan area. A more detailed description of the socioeconomic characteristics of the study population has been published previously .
Study Design
A school-based, stratified, random sampling strategy was used, and all children enrolled in grades 2-5 for the start of the fall 1999 school year at the Lyndale (269 children) and Whittier (289 children) elementary schools were eligible to participate. Verbal and written consent/assent was obtained for 152 ''index'' or randomly selected children. If the index child had siblings in grades 2-5, they were also asked to participate, which resulted in an additional 52 siblings enrolled in year 1. There were 46 households in the study that had an index child plus at least one sibling (6 homes had an index child plus 2 siblings). The original 152 index children and their 52 siblings were eligible to participate in the second year (2000) (2001) of SHIELD provided they were registered at a school within the Minneapolis Public Schools system. A total of 107 index children and 36 siblings were reenrolled for year 2. Blood and urine samples were collected at school during the winter (January and February) and spring (April and May) of 2000 and 2001. A trained phlebotomist collected venipuncture blood samples (B33 ml) and school nurses collected urine samples (B40 ml). For the first year of SHIELD, the enrollment rate was 57%, the retention rate was 85%, and 480% of enrolled children provided requested blood and urine samples. In year 2, 79% were reenrolled, 94% were retained till the end of the study, and 487% provided requested blood and urine samples. The study design and research methods have been described in more detail in previous articles Sexton, 2005) . 
Blood and Urine Collection

Laboratory Methods
Whole blood and urine samples were refrigerated and shipped weekly, packed in freezer packs, to the laboratory for analysis. All biomarker measurements for Pb, Hg, phthalates, OC and OP pesticides, PCBs, and VOCs were conducted by the National Center for Environmental Health, Centers for Disease Control and Prevention (CDC) in Atlanta, GA. Blood Pb concentrations were measured by graphite furnace atomic absorption spectrophotometry (Miller et al., 1987) , and levels of Hg in blood were determined using a modification of the method described by Chen et al. (1998) . Concentrations of VOCs were measured by gas chromatograph/mass spectrometry (GS/MS) with isotope dilution quantification (Ashley et al., 1992) . OC pesticides and related compounds, as well as PCBs, were measured using GC/high-resolution MS with isotope dilution quantification (DiPietro et al., 1997) . Phthalate metabolites in urine were measured using liquid chromatography-atmospheric pressure chemical ionization in conjunction with tandem MS (Silva et al., 2003) . Six common dialkyl phosphate metabolites of OP pesticides (Bravo et al., 2004) and 10 selective metabolites of OP and other pesticides (Bravo et al., 2005) in urine were measured using GC/MS/MS with isotope dilution quantification. Analytical methods for each category of chemical biomarker and the limit of detection for each chemical are described in the CDC's Third National Report on Human Exposure to Environmental Chemicals (CDC, 2005) . Total cotinine in urine, a biomarker for ETS exposure, was analyzed at the University of Minnesota by GC/MS (Hecht et al., 1993) .
Statistical Methods
To obtain a normal distribution of concentration data for each biomarker, a Box-Cox power transformation (Box and Cox, 1964) was used to determine the optimum exponent for transforming the data. Among index children, one-way analysis of variance (ANOVA) was used to calculate mean squares for between-child (MS between ) and within-child (MS within ). The within-child variance (W-CV) was set to the MS within value and the between-child variance (B-CV) was calculated as (MS between ÀMS within )Ck, where k is the number of samples per child (for children with 42 samples, the analysis was conducted on the first two samples collected). ANOVA was also involved in the calculation of within-and between-household variance of biomarker concentrations for households with both an index child and sibling enrolled in the study. For households with two siblings, the mean of their concentrations for each sampling period was used in the ANOVA. The ratio of betweenhousehold variance to total variance was employed to calculate the intraclass correlation coefficient (ICC; Shrout and Fleiss, 1979) , which provides a measure of the correlation between pairs of observations that do not have an obvious order, such as biomarker measurements in siblings. The ICC is equal to (MS between ÀMS within )C (MS between þ (kÀ1)MS within ), where k is the number of samples per household for the relevant sampling period. The numerical value of the ICC ranges from 0 to 1, and the closer the calculated ICC is to 1 the stronger the correlation between biomarker measurements in index children and their siblings.
Results
A comparison of B-CV and W-CV based on the F-ratio is provided in Table 1 for total cotinine, phthalates, and common OP metabolites in urine, and in Table 2 for PCBs, metals, VOCs, and OC pesticides and metabolites in blood. The number of SHIELD index children with at least one sample and the mean for transformed data (using the optimum exponent as determined by a Box-Cox power transformation) are also presented. Only those biomarkers for which Z20% (range 23-100%) were above the limit of detection (LOD) are included in the analysis.
The F-ratio is a measure of the equality of variances (size of B-CV relative to W-CV). When the F-ratio is not statistically significant, it can be assumed the variances are homogeneous. As shown in Table 1 , the F-ratio is statistically significant, indicating that B-CV is meaningfully greater (Po0.0001) than W-CV, for cotinine and mono-benzyl and mono-ethyl phthalate, and that B-CV is a significant proportion (Po0.05) of the total variance for three phthalates (mono-(2-ethyl-5-hydroxyhexyl), mono-(2-ethyl-5-oxohexyl), and mono-(2-ethylhexyl)), and one common OP metabolite (dimethylphosphate). The F-ratio is not Data for all biomarkers were log transformed.
Exposure biomarkers in children Sexton and Ryan statistically significant for the other phthalate (mono-methyl) and four of five OP-metabolite biomarkers in urine.
For the blood biomarkers displayed in Table 2 , the F-ratio is statistically significant (Po0.0001), signifying that the B-CV is meaningfully greater than the W-CV, for PCB 74, Pb, 1,4-dichlorobenzene, and all four OC pesticides/meta-
, and trans-nonachlor. Based on a statistically significant (Po0.05) F-ratio, B-CV is a significant proportion of the total variance for PCB 118, Hg, and o-xylene. The F-ratio is not statistically significant for the other biomarkers measured in blood.
The association between biomarker levels measured in blood and urine from index children and their age-eligible siblings living in the same households is examined in Table 3 (concentrations of cotinine, phthalates, and common OP metabolites in urine) and Table 4 (concentrations of PCBs, metals, VOCs, and OP pesticides and metabolites in blood). The between-household variance and the within-household variance are presented, and the ICC is calculated for each biologic marker. The number of paired index-sibling measurements used in each calculation is also shown. For every urine biomarker in Table 3 , there were at least 31 households (range 31-36) with one or more matched pairs of index-sibling samples and, in Table 4 , there were either 38 or 39 households (depending on the analyte) with one or more matched pairs for each blood biomarker.
A benefit of the ICC, which is commonly used to investigate the extent to which quantitative measurements in siblings are similar, is that its value is independent of the ordering of subjects within each matched pair (Bland and Altman, 1996) . Mathematically, the ICC is simply the ratio of the between-household variance divided by the total variance F the higher the ratio the greater the correlation between siblings. Interpretation of calculated ICC values, which are mathematically equivalent to a weighted k-coefficient (Landis and Koch, 1977) , is generally straightforward: 0.20-0.39 ¼ modest correlation; 0.40-0.59 ¼ moderate correlation; 0.60-0.79 ¼ substantial correlation; and Z0.80 ¼ strong correlation among matched sample pairs.
As shown in Table 3 , the only urine biomarker with a substantial correlation (0.60-0.79) between index-sibling pairs was cotinine (0.74), whereas all the phthalate metabolites (except mono-methyl phthalate, ICC ¼ 0.13) and common OP metabolites exhibited only modest correlations (0.20-0.39). In contrast, every blood biomarker displayed in Table 4 , except PCB 118 (ICC ¼ 0.23), had an ICC 40.50. A moderate correlation (0.40-0.59) was found for PCB 74, PCB 180, and the OC trans-nonachlor, and a substantial correlation (0.60-0.79) for PCBs 138-158, PCB 153, Hg, Pb, benzene, ethylbenzene, o-xylene, tetrachloroethylene, toluene, and b-HCCH. Strong correlations (Z0.80) were observed for 1,4-dichlorobenzene, m-/p-xylenes, styrene, p-p 0 -DDE, and p,p 0 -DDT. For styrene and p,p 0 -DDT, a Box-Cox power transformation indicated 1/(Sqrt(Y)) as the optimum transformation for data normality. For o-xylene, toluene, and tetrachloroethylene, the data were transformed using 1/Y. Data for all other biomarkers were log transformed.
Discussion
Children from low-income, inner-city households are likely to be exposed routinely to a wide variety of hazardous environmental chemicals during the course of their daily lives (Needham and Sexton, 2000; Needham et al., 2005; Sexton et al., 2006 Sexton et al., , 2011 Wigle et al., 2007) . Concerns about adverse health effects span a spectrum of diverse chemical classes, including persistent organic chemicals (e.g., PCBs and OC pesticides), non-persistent semivolatile organic chemicals (e.g., OP pesticides, phthalates, and ETS), nonpersistent volatile organic chemicals (e.g., VOCs), and bioaccumulative inorganic chemicals (e.g., Pb and Hg). Although each category is important in its own right, there is growing awareness that cumulative exposure to multiple chemicals and chemical classes may be an important For styrene and p,p 0 -DDT, a Box-Cox power transformation indicated 1/(Sqrt(Y)) as the optimum transformation for data normality. For o-xylene, toluene, and tetrachloroethylene, the data were transformed using 1/Y.
contributor to health disparities for many disadvantaged children (Sexton, 1997; Morello-Frosch and Shenassa, 2006; Sexton et al., 2006; Sexton and Linder, 2010 ). Yet, many questions remain about how to design and implement costeffective studies involving biologic markers of exposure (Needham and Sexton, 2000; Barr et al., 2005; Needham et al., 2005) .
The ratio of between-child to within-child variability is an important parameter because it affects the so-called ''power calculations,'' which are typically used to specify the minimum sample size and number of measurements necessary to detect exposure differences between groups of individuals. Results from SHIELD provide a unique opportunity to compare the B-CV versus W-CV for 31 biomarkers, and to examine correlations among siblings. As summarized previously in Tables 1 and 2 , the B-CV was meaningfully greater than the W-CV for 3 of 12 biomarkers in urine (Table 1 ) and 7 of 19 biomarkers in blood (Table 2) , and accounted for a significant proportion of the total variance for 4 of 12 urine biomarkers and 3 of 19 blood biomarkers. The B-CV did not explain a significant proportion of the total variance for the other 5 urine biomarkers (1 phthalate and 4 OP pesticide metabolites) and 9 blood biomarkers (3 PCBs and 6 VOCs).
Exposure monitoring studies often involve the concept of a ''household'' (a collection of individuals, including both adults and children, living in the same residence) as part of the study design and sampling strategy. In the context of children's exposure, if there is high homogeneity (i.e., similar exposures from the same sources and pathways) within households then the value of knowledge gained from sampling multiple children in a household is relatively low. On the other hand, if homogeneity is low (i.e., dissimilar exposures from diverse sources and pathways) the value of information obtained from sampling more than one child is relatively high. To make efficient use of limited resources, it would be helpful to know whether children living in the same household have similar exposures, and to understand to what degree measuring a biomarker in one child provides insight into comparable exposures experienced by his or her siblings. Again, the SHIELD data offer a rare chance to explore this issue.
Referring back to Table 3 , the data show that 11 of 12 biomarkers measured in urine exhibited only modest correlations (ICC ¼ 0.20-0.39) among index children and siblings. In contrast, there was substantial correlation (ICC ¼ 0.74) for total urine cotinine. For biomarkers measured in blood (Table 4) , with the exception of PCB 118 (ICC ¼ 0.23), all index-sibling correlations were more robust, varying from moderate (ICC ¼ 0.40-0.59 for PCB 74, PCB 180, trans-nonachlor) to substantial PCB 153, Pb, Hg, benzene, ethylbenzene, tetrachloroethylene, toluene, to strong (ICC Z0.80 for 1,4-dichlorobenzene, m-/p-xylene, styrene, p,p 0 -DDE, and p,p 0 -DDT). Overall, it is evident that meaningful positive correlations exist among siblings for biologic markers of PCBs, metals, VOCs, and OC pesticides in blood and total cotinine in urine. This suggests that specific biomarker measurements in a single, randomly selected child can provide a reasonable exposure estimate for other children of similar age residing in the same household.
Results from the SHIELD study obviously need to be confirmed because they have potentially important implications for the design of cost-effective exposure-monitoring studies in children. Making sense of biomarker measurements, especially in the context of children's exposure, is not straightforward. Results can be influenced by a myriad of factors, including: the time of day or season of the year a sample was collected; the time between exposure and sample collection; the quantity of the sample available for analysis; the specificity and sensitivity of a particular biologic marker; concurrent or sequential exposure to other environmental agents; and the nutritional status of the subject (Needham and Sexton, 2000; Barr et al., 2005; Paustenbach and Galbraith, 2006) . Moreover, observed differences between biomarker measurements made (1) multiple times in the same child over a defined period (W-CV) or (2) once in numerous children at approximately the same time (B-CV) can be because of dissimilarities in actual exposures, variations in pharmacokinetics, or a combination of both (Needham and Sexton, 2000; Barr et al., 2005) .
When interpreting results of biomarker studies in blood and urine, it is important to recognize that there are significant differences in the pharmacokinetics of lipophilic compounds, like PCBs and OC pesticides, and lipophobic compounds, such as nicotine (metabolized to cotinine), phthalates, OP pesticides, and VOCs. Lipophilic compounds are metabolized and excreted relatively slowly, and therefore generally have a comparatively longer half-life in the body, typically in the order of years. Lipophobic compounds, on the other hand, are likely to be metabolized and excreted rapidly, which means they tend to have a relatively shorter biological half-life of hours or days (Needham and Sexton, 2000; Barr et al., 2005) . Biomarkers for lipophilic compounds (e.g., persistent organic chemicals) are generally measured in blood (where concentrations tend to be in equilibrium with fatty tissues), whereas biomarkers for lipophobic compounds (e.g., non-persistent organic chemicals) are usually measured in urine. In a departure from this rule of thumb for the SHIELD study (but in accordance with previous studies; see Sexton et al., 2005 Sexton et al., , 2006 Sexton et al., , 2011 , VOCs, which are non-persistent organic chemicals that rapidly metabolize in the body and are excreted in the urine or released in exhaled breath, were measured in blood according to the method developed by Ashley et al. (1992) .
Although the SHIELD study clearly demonstrates that these children were exposed to a plethora of hazardous environmental chemicals spanning multiple chemical classes, current scientific knowledge and understanding are insufficient to allow us to ascertain the seriousness of related cumulative health risks (Callahan and Sexton, 2007; Sexton and Hattis, 2007) . There is, nevertheless, ample reason for concern. Children from the Lyndale and Whittier neighborhoods who participated in SHIELD are from families that are among the poorest (Z90% from homes below the poverty line) and the least likely to speak English (34% at Lyndale, 42% at Whittier) in the Minneapolis Public Schools system. They were apt to reside in poor-quality housing, live in neighborhoods with comparatively high crime rates, lack access to health care, and generally have more stressful and less healthful lives . Although the cumulative effects on their health and wellbeing of continued exposure to a mixture of chemical and non-chemical (e.g., psychosocial) stressors is unknown, the potential threat is both real and immediate (Morello-Frosch and Shenassa, 2006; Sexton et al., 2006; Larson et al., 2009; Sexton and Linder, 2010) .
Investigators attempting to measure exposure biomarkers in children (and adults) are confronted with a conundrum: are study objectives, subject to budget constraints, best met by increasing the precision of exposure estimates through making measurements in more children, or by reducing measurement error and increasing estimate validity by making repeated measurements in fewer children? Results from the SHIELD study are mixed, suggesting that the information gained from monitoring more children is expected to exceed the value of repeated measurements in fewer children for total cotinine and mono-ethyl phthalate in urine and Pb, 1.4-dichlorobenzene, and four OC pesticides/ metabolites in blood. For biomarkers where B-CV appeared lower than W-CV but still explained a significant proportion of the total variance (four phthalates and one OC in urine and PCB 74, PCB 118, Hg, and o-xylene in blood), additional value is expected from incorporating repeated sampling in the same children.
Findings from SHIELD also suggest that monitoring one child in a household will provide reasonable estimates of biomarker concentrations in his or her siblings for total cotinine in urine and PCBs, OCs, metals (Pb and Hg), and VOCs in blood. Subsequent studies should endeavor to verify these results in different settings and situations for children from a variety of socioeconomic strata and of different ages and ethnicities. More research is also needed to document the magnitude, duration, frequency, and timing of children's cumulative exposure to multiple environmental chemicals, and to elucidate the contribution of interactions among chemical and non-chemical stressors to adverse health outcomes.
